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Golgi cells are the primary inhibitory interneuron in the granule cell layer, providing the 266 main source of synaptic inhibition to granule cells. Because Golgi cells fire spontaneously 267 between 1 to 20 Hz (Forti et al., 2006) , we first tested for acetylcholine-mediated regulation of 268 their spontaneous firing ( Figure 1A) . Brief application of ACh caused a transient increase in the 269 firing rates of 7 of 10 recorded Golgi cells (5.3 ± 1.2 fold, n = 7 of 10, Figure 1B , C, D). However,
270
in all recorded Golgi cells, there was a longer lasting suppression of firing (0.13 ± 0.06 fold, n = 271 10). To test what synaptic currents were responsible for these changes in spontaneous firing rate,
272
we recorded in voltage-clamp configuration from a subset of the same cells. Focal application of
273
ACh revealed a prolonged outward current that was blocked by the selective type II muscarinic 
295
Cholinergic regulation of granule cell tonic inhibition Farrant and Brickley, 2003; Kanichay and Silver, 2008) . Specifically, GABA released from Golgi 298 cells activates two types of granule cell GABAA receptors to regulate granule cell excitability 299 (Brickley et al., 1996; Crowley et al., 2009; Duguid et al., 2015; Duguid et al., 2012) . Based on 300 our measurements of muscarinic receptor-mediated Golgi cell suppression, we next tested for 301 changes in tonic granule cell synaptic inhibition during simulated bulk release of acetylcholine 302 using bath application of muscarine (Figure 3) . Bath application of muscarine resulted in a 303 significant decrease in both spontaneous IPSC (sIPSC) frequency (83.7 ± 2.9% decrease, control: 304 4.5 ± 0.8 Hz, muscarine: 0.8 ± 0.3 Hz, n=11, P<0.0001, Figure 3B ) and a tonic inhibitory current 305 mediated by non-desensitizing GABAA receptors (54.3 ± 3.3% decrease, control: 8.85 ± 1.08 pA, 306 muscarine: 4.1 ± 0.7 pA, P<0.0001, Figure 3C ). These effects were reversed by atropine (sIPSC mediated suppression of Golgi cell firing can significantly reduce tonic granule cell synaptic 309 inhibition.
Activation of Golgi Cell M2 receptors induces spike rate plasticity
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In a subgroup of granule cells, sIPSC frequency increased following bath application of 313 muscarine (1.7 ± 0.2 of control, n=5 of 11, P = 0.015, Figure 3D ). These data suggest an increase 314 in spontaneous Golgi cell firing rates following muscarine application. Previous work has 315 demonstrated that Golgi cell pacemaking can undergo a form of long-term firing rate potentiation 316 following extended membrane hyperpolarization (Hull et al., 2013) . To test whether activation of 317 M2 receptors could provide an endogenous mechanism for inducing this plasticity, we performed 318 whole-cell current clamp recordings from Golgi cells in the presence of synaptic receptor 319 antagonists (NBQX 5 μM, CPP 2.5 μM, SR95531 5 µM) while simulating bulk acetylcholine 320 release via bath application of muscarine (10 μM). Muscarine reliably suppressed GoC spiking 321 throughout the application period (baseline: 4.2 ± 0.6 Hz; musc: 0.5 ± 0.3 Hz; Figure 4A ).
322
Following subsequent atropine application, Golgi cell firing resumed at rates that were, on 323 average, higher than in control (5.5 ± 0.7 Hz, Figure 4A ). In agreement with previous work (Hull 324 et al., 2013), this firing rate potentiation was preferential to Golgi cells with low baseline firing rates 325 (FRP; <5Hz: 1.6 ± 0.2 norm, n=13; >5Hz: 1.0 ± 0.1 norm, n=4; Figure 4B -D). These results
326
suggest that acetylcholine can act as an endogenous mechanism for inducing Golgi cell firing rate 327 potentiation by activating M2 muscarinic receptors. Moreover, the diversity of plasticity across
328
Golgi cells with different initial firing rates was in agreement with the diversity of changes in sIPSC 329 rates in granule cells following muscarine application ( Figure 3D ).
331
Cholinergic regulation of evoked granule cell inhibition modulation, we electrically stimulated the mossy fibers during bath application of muscarine.
(98.2 ± 0.8% decrease, 0.6 ± 0.4 pA, P<0.0001, Figure 5 B-D) , and the failure rate increased 339 significantly (98.4 ± 0.8% failure rate, P=0.0004, Figure 5E ). Atropine reversed these effects on 340 the evoked IPSC amplitude (11.0 ± 15.7%, 53.0 ± 9.9 pA, Figure 5D ) and failure rate (19.3 ± 341 7.1% failure rate, Figure 5E ). Importantly, evoked IPSCs were di-synaptically evoked, as 342 glutamatergic antagonists (NQBX 5 μM, CPP 2.5 μM) abolished all evoked IPSCs (100 ± 0% 343 failure rate, Figure 5E ). The muscarine-induced reduction in evoked IPSC amplitude and 344 increase in failure rates are consistent with our finding of muscarinic receptor-mediated Golgi cell 345 hyperpolarization. However, because these experiments rely on stimulated mossy fiber input, it 346 is also possible that a muscarinic receptor-mediated reduction in presynaptic mossy fiber input to
347
Golgi cells could also contribute to the observed reduction in evoked IPSCs. Figure 6E ). Notably, we did not observe a significant increase 358 in paired-pulse ratio in muscarine, as would be expected if muscarine acts presynaptically to and muscarine silences Golgi cell spiking to reduce ongoing GABA release. Thus, muscarine muscarine significantly altered spike probability (Figure 8 C-F 419 exhibited an increase in spiking activity in the simulated presence of muscarine (peak spike 420 probability in muscarine: 2.53 ± 0.13, normalized to control, Figure 9 A,C), while 65 showed 421 decreased spiking activity ( peak spike probability in muscarine: 0.33 ± 0.04, normalized to control, Figure 9 B,C) . The remaining granule cells did not change spike probability, and were excluded 423 from further analysis.
424
We found no significant correlation between the number of active mossy fiber inputs and 425 the change in spike probability in muscarine (Spearman's correlation; r = 0.03 p = 0.66, Figure 9 
432
We tested that our results did not depend on a specific realization of the network 433 connectivity by simulating 30 independent realizations of the connectivity matrix, and patterns of underlying input profiles distinguishing the two cell categories were comparable (increasing cells decreases in the inhibitory tonic current between for cells that increased their spike probability in 440 muscarine (increasing: 64.7 ± 0.2% reduction, decreasing: 57.6 ± 0.2% reduction, not shown).
441
Together, these results indicate that muscarinic neuromodulation preferentially enhances the 442 spike rates of granule cells with larger synaptic inhibition in control conditions. (Barmack et al., 1992a; Jaarsma et al., 1996; Ojima et al., 1989) . We also 478 observed the densest innervation of ChAT+ mossy fiber-like terminals in these lobules, though 479 ChAT+ terminals were present in all lobules, and we observed optogenetically driven currents in 
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control. Black denotes granule cells that increased spike probability, and gray denotes cells that Froemke, R.C., Carcea, I., Barker, A.J., Yuan, K., Seybold, B.A., Martins, A.R.O., Zaika, N., Giovannucci, A., Badura, A., Deverett, B., Najafi, F., Pereira, T.D., Gao, Z., Ozden, I., Kloth, 747 A.D., Pnevmatikakis, E., Paninski, L., et al. (2017) . Cerebellar granule cells acquire a 748 widespread predictive feedback signal during motor learning. Nature Neuroscience 20, 727-734. 
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